Modélisation du processus de polissage : identification des effets et des phénoménologies induits par l'usinage abrasif by Goossens, François
 
 
 
 
 
THÈSE PRÉSENTÉE  
POUR OBTENIR LE GRADE DE 
 
DOCTEUR DE 
 
L’UNIVERSITÉ DE BORDEAUX 
ÉCOLE DOCTORALE  DE 
SCIENCES PHYSIQUES ET DE L’INGENIEUR 
SPÉCIALITÉ  MECANIQUE 
 
Par François GOOSSENS 
 
 
Modélisation du processus de polissage 
Identification des effets et des phénoménologies induits 
par l’usinage abrasif  
 
Sous la direction de : Olivier CAHUC 
 
 
Soutenue le 30 novembre 2015 
 
 
Membres du jury : 
 
M. LAGARRIGUE Pierre 
M. FURET Benoît  
M. TOURNIER Christophe 
M. CAHUC Olivier  
M. DARNIS Philippe 
M. CHERIF Mehdi 
Professeur des Universités, Centre Univ. JF Champollion 
Professeur des Universités, Université de Nantes 
Professeur des Universités, Ecole Normale Sup. de Cachan 
Professeur des Universités, Université de Bordeaux 
Professeur des Universités, Université de Bordeaux 
Maitre de conférences, Université de Bordeaux 
Président 
Rapporteur 
Rapporteur 
Directeur de thèse 
Examinateur 
Examinateur 
Unité de recherche : 
I2M – UMR 5295 – 351 cours de la Libération – 33400 TALENCE 
Titre : Modélisation du processus de polissage - Identification des 
effets et des phénoménologies induits par l’usinage abrasif 
Résumé :  
Le polissage est un procédé d’usinage par abrasion qui vise à établir une micro-géométrie 
précise sur les surfaces de solides. Pour introduire les spécificités de ce procédé, un tour 
d’horizon sur l’usinage par abrasion est proposé. Il en découle les paramètres pouvant 
caractériser une opération de polissage. Les études scientifiques existantes sont synthétisées et 
analysés au regard des objectifs poursuivis. De manière à faire émerger une méthodologie 
pour établir des modèles et des bases de données dédiées au polissage, un banc expérimental a 
été mis en place et des essais ont été menés sur une tôle en inox 316L avec un abrasif 
structuré de forme pyramidale. Une méthode de mesure de l’usure des pyramides abrasives a 
été mise au point. Les premiers essais ont mis en évidence la nécessité pour les grains abrasifs 
d’exercer sur la matière une pression supérieure à une valeur minimale. Un modèle de 
consommation matière issu de la loi de Preston a été présenté et validé par des essais. L’étude 
par des plans d’expériences factoriels complets des efforts induits, de la rugosité au travers 
des critères proposés par la norme ISO et de la mouillabilité a permis de mettre en évidence 
l’influence prépondérante de la taille des grains abrasifs. Par contre, la pression exercée par 
les grains, leur vitesse de défilement et le taux d’usure des pyramides abrasives n’ont qu’un 
rôle secondaire sur ces critères. Ces résultats constituent de précieuses indications pour les 
bureaux des méthodes devant établir des gammes de polissage. 
Mots clés : polissage, abrasion, abrasif structuré, inox 316L, PRESTON, rugosité,            
mouillabilité, plan d’expériences 
 
Title : Modelling of the polishing process - Identification of the 
induced effects and the phenomenology of the abrasive material 
removal 
Abstract :  
The polishing is a process of manufacturing by abrasion which aims at establishing a precise 
micro-geometry on the surfaces of solids. To introduce the specificities of this process, an 
overview on the manufacturing by abrasion is proposed. As a result, the parameters which can 
characterize an operation of polishing are identified. The existing scientific studies are 
synthesized and analysed with regard to the pursued objectives. For the testing, an experiment 
test bench was developed. The proposed methodology is applied on the polishing process of 
the AISI 316L using pyramidal abrasive belts. A measurement method of the abrasive 
pyramids wear is finalized. A method of measuring the abrasive pyramids wear is provided. A 
removing material rate model based on the Preston's law is presented and experimentally 
validated. A study based on the design of experiment is conducted using as output the cutting 
forces, the roughness and the wettability criteria. The results point out the dominating 
influence of the size of the abrasive grains. On the other hand, the study indicates the fact that  
the applied pressure on the abrasive grains, the belt speed and the abrasive level do not play 
an important role on the previously cited characteristics. On the other hand, the study 
highlights that the applied pressure on the abrasive grains, the belt speed and the abrasive 
level do not have a significant effect on the previously cited characteristics. These results 
constitute valuable indications for the industrial polishing process optimization. 
Keywords : polishing, abrasion, structured abrasive, AISI 316L, PRESTON, 
roughness, wettability, design of experiment 
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 Chapitre 4 : Essais, résultats et analyse 
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(Eq. 26) ! ! ! !!! ! !!! ! ! !!!
!
!!! """"""!"
+r#g## -#(-$#6(#)%*%AH$*(#0(#-+*$2(#
# A2#($#)2#-+"$#0(-#4+"-$%"$(-#
# (2#-+"$#6(-#)%*%AH$*(-#07("$*/(#
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(Eq. 27) ! ! !!! ! !!! ! ! !!! ! !!! ! ! !!!! ! !!!" ! ! !!!! ! ! !!!!""""!"
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(Eq. 28) !!"# ! !! ! !! ! !" #"
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)*/42-/(# %'# 4?%)2$*(# c# )%*# 67/&'%$2+"# K!&B# NNPB# U($$(# 0(*"2H*(# (-$# 4+A)6/$/(# 0%"-# 67/&'%$2+"# K!&B# NMP# ("#
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(Eq. 29) ! ! !
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!!!!!!!!!!!!
"""""#"
G+'*#'"(#)*(--2+"#K)P#92-/(<#'"#4+')6(#KZp#|#FP#0+2$#]$*(#20("$2,2/#%9(4#4+AA(#4+"$*%2"$(-#g#
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X+""/(-#)+'*#6%#@%"0(#CcR#%9(4#6(#a%@6(%'#LbB#
G%*%AH$*(-# 8"2$/# $(-$#"QL# $(-$#"QN# $(-$#"Qc# $(-$#"Qf# $(-$#"QS# $(-$#"QT# $(-$#"Qj# $(-$#"Qb#
)# LRf#G%# M<M# LR<L# LR<j# M<c# LM<c# LM<f# NR<T# LM<M#
n#
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R<NL# R<NL# R<j# R<TS# R<Nc# R<NN# R<jN# R<j#
m# AO-# LR<L Nf<S LR<L Nf<S LR<N Nf<S M<j Nc<b
I%# µA# R<RbN# R<LLj# R<Rbb# R<RMS# R<Rbc# R<Lcf# R<LRj# R<LNT#
Ip# µA# R<LS# R<Nc# R<LS# R<NR# R<LT# R<NN# R<NL# R<NS#
I$# µA# R<SS# R<bj# R<TT# R<TS# R<SL# R<Tj# R<jS# R<bj#
I-n# # R<NT# ER<Rj# R<Rf# ER<Rb# R<LN# ER<NS# R<LR# ER<LT#
In'# # j<RT# j<RR# b<jf# R<NR# S<NN# S<fM# b<Rc# T<Tb#
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n
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R<Nc# R<NL# R<j# R<Tb# R<Nf# R<NN# R<jN# R<j#
m# AO-# LR<N# Nf<c# LR<N# NS<f# LR<R# Nf<j# LR<R# NS<c#
I%# µA# R<Rcj# R<RcR# R<Rff# R<Rfc# R<RfL# R<RNb# R<RfN# R<RcN#
Ip# µA# R<LL# R<LR# R<LL# R<LR# R<LR# R<RM# R<LL# R<LR#
I$# µA# R<NM# R<cj# R<Nb# R<cf# R<Nf# R<NM# R<cL# R<Nj#
I-n# # ER<Ncb# R<STf# R<RST# ER<Rcj# R<RSL# R<LNf# ER<Rjf# ER<RRb#
In'# # f<Tc# LL<jb# f<LT# T<RL# f<fM# j<ST# f<NS# f<RT#
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I%# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# R<Sb# R<RL# R<Rc# R<Rf# ER<Rf# R<RR# ER<RS# R<RR#
CcR# R<LR# R<RRbT# ER<RRRf# R<RLST# R<RRfN# R<RRfc# ER<RRjT# ER<RRRT#
CT# R<Rcj# ER<RRLf# R<RRcc# ER<RRfR# ER<RRNR# ER<RRLM# R<RRLR# ER<RRRT#
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Ip# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# R<cL# R<RLN# R<RfM# R<RNj# ER<RLf# R<RNb# ER<RfN# R<RLb#
CcR# R<NR# R<RLf# R<RRSj# R<RcR# R<RLT# ER<RRcc# ER<RRTc# R<RRNT#
CT# R<LR# ER<RRLj# R<RRSf# ER<RRSj# R<RRfR# R<RRLc# ER<RRRL# ER<RRLR#
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I$# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# L<Tc# R<RSS# R<NT# R<LR# ER<RTL# R<Lc# ER<cf# R<RSb#
CcR# R<TM# R<RRTf# R<Rfc# R<RbL# R<RjS# ER<RRNM# ER<RfS# R<Rfc#
CT# R<cR# ER<RNR# ER<RRRc# R<RLj# R<RLL# ER<RLM# ER<RNR# ER<RLS#
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In'# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# LR<ML# L<NM# L<SM# R<Lf# R<fN# ER<RL# EL<Lj# EL<jf#
CcR# T<TM# ER<SR# R<TN# ER<fj# R<fS# R<NS# ER<TR# R<Lf#
CT# S<MR# ER<bc# EL<TN# L<SL# R<NN# ER<bT# EL<fL# R<Lb#
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)# LRf#G%# LR<f# M<M# M<M# LR<S# NL<T# LM<c# NR<R# NR<N#
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R<NT# R<NT# R<j# R<Tb# R<Nj# R<Nj# R<jL# R<j#
m# AO-# LR<L# Nf<S# LR<L# NT<L# LR<N# Nf<S# M<j# NS<L#
I)n µA# R<bT# R<Sj# R<TN# R<jR# R<Tj# R<SN# R<ST# R<cj#
In# µA# L<fR# L<jf# N<LS# L<MR# L<fc# L<bb# L<bf# L<bR#
I9n# µA# R<fS# L<RS# R<MM# R<SN# R<Mj# L<fj# ER<Tj# L<LR#
3IL# ~# LL<fN# j<bT# j<cN# M<jS# LL<NT# j<bf# LL<cM# b<fM#
3IN# ~# ML<Sf# bS<MS# bb<jN# MN<bT# bS<bT# bT<LM# bf<c# bS<bM#
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R<NL# R<NL# R<j# R<TS# R<Nc# R<NN# R<jN# R<j#
m# AO-# LR<L# Nf<S# LR<L# Nf<S# LR<N# Nf<S# M<j# Nc<b#
I)n# µA# R<RMN# R<LSj# R<RMf# R<Lcj# R<RbR# R<LSM# R<LNR# R<LSL#
In# µA# R<NSj# R<cbS# R<NbT# R<Nbc# R<NjN# R<fcT# R<cfL# R<cbc#
I9n µA# R<Lfj# R<NRc# R<Lcb# R<LSf# R<LjS# R<LTR# R<NSN# R<NRj#
3IL# ~# j<b# LR<T# M<N# LL<j# b<T# M<T# b<S# b<j#
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R<Nc# R<NL# R<j# R<Tb# R<Nf# R<NN# R<jN# R<j#
m# AO-# LR<N Nf<c LR<N NS<f LR<R Nf<j LR<R NS<c
I)n# µA# R<Rfj# R<RfR# R<RSc# R<Rfj# R<RfL# R<Rfc# R<RSR# R<RcM#
In# µA# R<LLS# R<LRT# R<Lcj# R<LNN# R<LNT# R<RMM# R<LcN# R<LLc#
I9n# µA# R<RTf# R<RbT# R<Rjb# R<Rjf# R<Rbb# R<Rbf# R<RTN# R<RTN#
3IL# ~# M<b# M<b# LR<R# M<R# b<S# LR<c# LR<L# b<j#
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CLRR# R<TN# L<jS# R<jj# M<fN# jM<N#
CcR# R<LN# R<cc# R<Lb# M<cT# bb<T#
CT# R<RfS# R<LN# R<Rjf# M<SR# bb<L#
,-./"-5*Aj*>*V-/"5$)*#9G"''")*0")*=-$-#1($")*$"/"6D)*)5$*/-*%95$."*0ZL..9((*
F%# Z2.'*(# MT#A($# ("# /920("4(# )+'*# 4?%&'(# )%*%AH$*(# 6(-# /4%*$-# ("# ,+"4$2+"# 0(# 6%# $%266(# 0(-# .*%2"-#
%@*%-2,-B#Y42#%'--2<#6%#02A("-2+"#0(-#.*%2"-#2A)%4$(#6(-#9%6('*-#*(6(9/(-B#
*
W&45$"*IH*>*V-/"5$)*#9G"''")*0")*=-$-#1($")*!=bF*!b*"(*!6b*
G+'*# -%9+2*# -2# 4(6%# -(# ,%2$# 0%"-# 6(-# A]A(-# )*+)+*$2+"-<# "+'-# )*+)+-+"-# 07/$%@62*# 6(# *%))+*$# ("$*(#
4?%4'"# 0(# 4(-# )%*%AH$*(-# ($# 67/4%*$#A+D("# %*2$?A/$2&'(# *(-)(4$2,# 0(# 6%# ?%'$('*# 0(-# -$*2(-# 0(# )+62--%.(#
KI%PB#F%#Z2.'*(#Mj#,+'*"2$#4(-#0+""/(-B#
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*
W&45$"*Ij*>*B69/5(&9'*0")*$-==9$()*0"*!=bF*!b*"(*!6b*-6"%*!-*
G+'*#6(-#0(';#)*(A2(*-#*%))+*$-<#6(-#9%6('*-#+@$("'(-#-+"$#%--(p#9+2-2"(-B#F(#)*+4(--'-#%@*%-2,#,+'*"2$#
0(-#A24*+E./+A/$*2(-#0(#-'*,%4(#.6+@%6(A("$#-(A@6%@6(-#$+'$#("#%D%"$#'"#*%))+*$#07/4?(66(#0(#LRB#G+'*#4(#
&'2#(-$#0(-#4*(';<#6('*#)*+)+*$2+"#9%#("#%'.A("$%"$#&'%"0#6%#$%266(#0(-#.*%2"-#02A2"'(B#C#4(#-$%0(#0(#"+-#
$*%9%';<#"+'-#"7%9+"-#)%-#0(#)2-$(#)+'*#(;)62&'(*#4(#4+A)+*$(A("$B#
F%#Z2.'*(#Mb ,+'*"2$# 6(-#9%6('*-#A+D(""(-#0(-#)%*%AH$*(-#K3ILP#($#K3INPB# Y42<# 6%#$%266(#0(-#.*%2"-#"7%#
)%-#072A)%4$#-2."2,24%$2,#-'*#4(-#9%6('*-B##
# #
W&45$"*Ig*>*V-/"5$)*#9G"''")*0")*=-$-#1($")*T!:*"(*T!A*
F(-# )*+4?%2"-# $%@6(%';# Ka%@6(%'# Nb# 5# a%@6(%'# cNP# ,+'*"2--("$# )+'*# 6(-# )%*%AH$*(-# 2--'-# 0(# 6%# 4+'*@(#
07C@@+$$# 6(-#4+(,,242("$-#07(,,($#($#072"$(*%4$2+"#)+'*#4?%&'(#.*%0(#0(#@%"0(#%@*%-29(B#U(-#0+""/(-#-+"$#
,+'*"2(-#)+'*#0(-#("$*/(-#4("$*/(-#*/0'2$(-#4+A)*2-(-#("$*(#EL#($#{LB#F(-#9%6('*-#.*2-/(-#-+"$#2",/*2('*(-#%'#
LOLRHA(#0(#6('*#A+D(""(#*(-)(4$29(B#
F7(--("$2(6# 0(# 4(-# 4+(,,242("$-# -+"$# 2",/*2('*-# 5# LR~# 0(# 6%# 9%6('*#A+D(""(# ($# '"(# @+""(# )%*$2(# 0(-#
%'$*(-#4+(,,242("$-#-+"$#2",/*2('*-#5#NR~#5#4($$(#A]A(#9%6('*B#_('6#6(#)%*%AH$*(#KI9nP#)+'*#6%#@%"0(#CLRR#%#
0(-# 4+(,,242("$-# -2."2,24%$2,-#A%2-# 4(# 4%-# /$%"$# 2-+6/<# 26# "(# )('$# )%-# ("# ]$*(# $2*/#07("-(2."(A("$# .6+@%6B# Y6#
*(--+*$#0(#4($$(#/$'0(#&'(#6(-#)%*%AH$*(-#0(#)*(--2+"#K)P<#0(#92$(--(#KmP#($#07'-'*(#KnP#"7+"$#)%-#072"420("4(#
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A%*&'/(#-'*# 6(-#)%*%AH$*(-#0(#*'.+-2$/#4+"-20/*/-#0%"-#4($$(#-(4$2+"B#_('6(# 6%#$%266(#0(-#.*%2"-#%#'"#*/(6#
2A)%4$#-'*#6(#"29(%'#0(#4(-#0(*"2(*-B#
I)n# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# R<TNRj# ER<RjNc# ER<RSLT# ER<RbLf# ER<RNjc# ER<RLNS# R<RSbM# ER<RSTM#
CcR# R<LNcb# R<RRcS# R<RRLf# R<RNMb# R<RRjL# R<RRLf# ER<RRMN# ER<RRcS#
CT# R<RffT# ER<RRLb# R<RRNR# ER<RRNM# ER<RRLc# R<RRRc# ER<RRLM# ER<RRNR#
,-./"-5*Ag*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/"*=-$-#1($"*[!=b\*
In# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# R<TNRj# L<jSLL# ER<RNNR# R<LjTL# R<RMcb# ER<RbjR# R<RcMS# ER<LSSj#
CcR# R<ccRM# R<RNbb# ER<RRMj# R<RfSb# R<RLNR# R<RLNT# ER<RccN# R<RRLN#
CT# R<LLbS# ER<RRLN# R<RRjb# ER<RRMN# ER<RRNc# ER<RRNT# R<RRRL# R<RRLj#
,-./"-5*AI*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/"*=-$-#1($"*[!b\*
I9n# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# R<TNRj# R<jjNb# R<RcRc# ER<NbjL# R<cRjf# ER<NjTL# R<NNbc# ER<RRMT#
CcR# R<LjTc# R<RLjf# R<RRTR# R<RRcf# R<RNcj# ER<RLjN# ER<RRTM# R<RRNN#
CT# R<RjfN# ER<RRLT# ER<RRjS# R<RRLS# ER<RRjf# ER<RRcR# ER<RRcL# R<RRfN#
,-./"-5*CK*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/"*=-$-#1($"*[!6b\*
3IL# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# M<fLbL# R<NjfT# ER<LjNS# EL<RbLj# R<fLSj# ER<Sfbf# R<MbbT# ER<jSTT#
CcR# M<cTcT# ER<fMjc# R<LbRT# R<bRRb# ER<fSjT# ER<SfcM# ER<LTMT# ER<Rfbb#
CT# M<SRcT# ER<LLbS# ER<RMfc# ER<LNRM# R<Rbjb# R<LNbR# ER<TcNL# ER<cLjN#
,-./"-5*C:*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/"*=-$-#1($"*[T!:\*
3IN# A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# bj<bLL# EL<bMM# R<NTj# ER<NSb# ER<Mjf# R<fTR# L<bLM# EL<NRc#
CcR# bb<SjM# ER<fRR# ER<fRN# R<TSL# EL<LRM# R<Nbf# ER<Tfc# R<LMT#
CT# bb<RjM# R<Rjj# R<TLj# ER<RNR# R<fcf# R<LRM# ER<ccL# R<RfN#
,-./"-5*CA*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/"*=-$-#1($"*[T!A\*
H+@ M$9/9'4"#"'()*
X(-#$*%9%';#)*/4/0("$-<#26#*(--+*$#"($$(A("$#&'(#6%#$%266(#0(-#.*%2"-#(-$#6(#)%*%AH$*(#6(#)6'-#2",6'("$#-'*#6%#
)6')%*$#0(-#)%*%AH$*(-#0(#*'.+-2$/#)*+)+-/-#)%*#6%#"+*A(#Y_VB#G+'*#A2(';#4(*"(*#6(#*>6(#0(#4(#)%*%AH$*(<#
0(#"+'9(%';#(--%2-#+"$#/$/#*/%62-/-#%9(4#'"(#)%6($$(#/6%*.2(#0'#)+2"$#0(#9'(#0(#6%#$%266(#0(-#.*%2"-#%@*%-2,-#
$+'$#("#4+"-(*9%"$# 6%#A]A(#$(4?"+6+.2(#07%@*%-2,-B#F(-#"+'9(66(-#@%"0(-#4+"-20/*/(-#+"$#)+'*#*/,/*("4(#
CfS#($#CLTB#F(#a%@6(%'#cc#0+""(#6%#$%266(#0(-#.*%2"-#0(#67("-(A@6(#0(-#@%"0(-#4+"-20/*/(-#42E0(--+'-B#
#
#
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$D3D$"'%"* $D3D$"'%"*WBML* 0&-#1($"*#9G"'*[µ#\*
L:KK* GLbR# bN#
LE@* GfRR# cS#
LCK* GbRR# NL<b#
L:H* GLNRR# LS<c#
LH* GNSRR# b<f#
,-./"-5*CC*>*,-&//"*0")*4$-&')*-.$-)&3)*=95$*/"*=9/&))-4"*0")*D%<-'(&//9')*
U+A)$(#$("'#0(#6%#,%2@6(#2"420("4(#0(-#)%*%AH$*(-#07("$*/(#K)<#n<#mP<#6(-#-'*,%4(-#+"$#/$/#)+62(-#)+'*#'"#=('#
'"2&'(#0(#)%*%AH$*(-#-2$'/#%'#A262('#0'#0+A%2"(#0(#67/$'0(#5#±LR~B#U(#0(*"2(*#(-$#)*/42-/#a%@6(%'#cfB#
M-$-#1($")* QG#.9/"* R&6"-5*
M$"))&9'* )# LS#B#LRf#G%#
V&("))"*0"*0D3&/"#"'(*0")*4$-&')* m# Lb#AO-#
,-57*5)5$"*0")*.-'0")* n# R<fS#
,-./"-5*CE*>*R&6"-5*0")*=-$-#1($")*9=D$-(9&$")*=95$*/"*=9/&))-4"*0")*D%<-'(&//9')*
8"#/4?%"$266+"#%#/$/#)+62#%9(4#4?%&'(#.*%0(#0(#@%"0(#%@*%-29(B#U?%&'(#-'*,%4(#%#,%2$# 67+@=($#0(#$*+2-#
*(6(9/-#0(#)*+,26#5#)%*$2*#0(-&'(6-#6(-#)%*%AH$*(-#0(#*'.+-2$/#+"$#/$/#/$%@62-B#
F(#a%@6(%'#cS#0+""(#6%#A+D(""(#0(-#)%*%AH$*(-#0(#*'.+-2$/#)+'*#4?%&'(#.*%0(#0(#@%"0(#%@*%-29(B#
# # I/,/*("4(-#@%"0(-#%@*%-29(-#
G%*%AH$*(# '"2$/# CLRR# CfS# CcR# CLT# CT#
I%# µA# R<Sb# R<Nj# R<LR# R<Rb# R<Rf#
I$# µA# L<Tc# L<RM# R<TM# R<fM# R<cR#
I-n# µA# R<LS# ER<RS# ER<RL# ER<RN# R<RT#
In'# µA# LR<ML# S<SS# T<TM# f<LR# S<MR#
Ip# µA# R<cL# R<Nj# R<NR# R<LL# R<LR#
I)n# µA# R<TN# R<fR# R<LN# R<LR# R<Rf#
In# µA# L<jS# R<Mc# R<cc# R<NL# R<LN#
I9n# µA# R<jj# R<fc# R<Lb# R<LN# R<Rj#
3IL# ~# M<fN# b<LS# M<cT# LR<RT# M<SR#
3IN# ~# bb<N# bj<TN# bb<Sb# bj<fc# bb<Rb#
,-./"-5*C@*>*R&6"-57*0")*=-$-#1($")*0"*$549)&(D*
F%#Z2.'*(#MM#,+'*"2$#'"(#$*%0'4$2+"#.*%)?2&'(#0(-#)%*%AH$*(-#4%*%4$/*2-%"$# 6%#?%'$('*#0(-#-$*2(-#0(-#
-'*,%4(-#)+62(-B#F%#$("0%"4(#62"/%2*(#0(#4?%&'(#*(6(9/#(-$#-')(*)+-/(#-'*#6('*#*()*/-("$%$2+"#*(-)(4$29(B#
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#
W&45$"*II*>*B69/5(&9'*0")*=-$-#1($")*%-$-%(D$&)-'(*/-*<-5("5$*0")*)($&")*0")*)5$3-%")*=9/&")*
F%# )*+)+*$2+""%62$/# 0(# 6%# ?%'$('*# 0(-# -$*2(-# 0(-# -'*,%4(-# )+62(-# %9(4# 6(# 02%AH$*(#A+D("# 0(-# .*%2"-#
%@*%-2,-# -(# 4+",2*A(B# F7/4%*$#A+D("#%*2$?A/$2&'(# -(A@6(#)*/-("$(*#'"#A(266('*#0(.*/#0(# 4+**/6%$2+"#0(-#
$*+2-# )%*%AH$*(-# 4+"-20/*/-B# k+'-# %9+"-# '"# */-'6$%$# -2A26%2*(# 5# 4(6'2# )*+)+-/# )%*# !B# Z(60(*# ucv# )+'*# 6(#
)+62--%.(#$*+2-#4+*)-#K!&'%$2+"#j#%'#4?%)2$*(#NPB#F(#*%))+*$#0(#)*+)+*$2+""%62$/#("$*(#6(#)%*%AH$*(#KI%P#($#6(#
02%AH$*(#A+D("#0(-#.*%2"-#(-$#9+2-2"#0(#R<RRjB#
F%# Z2.'*(# LRR# )*/-("$(# 67/9+6'$2+"# 0(-# )%*%AH$*(-# KI-nP# ($# KIn'PB# G+'*# 4(# &'2# (-$# 0(# KI-nP<# 26# -(#
4+",2*A(# &'(# 4(# )%*%AH$*(# "(# 0+""(# )%-# '"# /46%2*%.(# )(*$2"("$# -'*# 6%# *'.+-2$/# 0(-# -'*,%4(-# )+62(-B# G%*#
4+"$*(<#6(#)%*%AH$*(#KIn'P#(-$#-')/*2('*#+'#/.%6#5#T<#4(#&'2#(-$#"($$(A("$#-')/*2('*#5#cB#F%#$("0%"4(#0(-#
-'*,%4(-#)+62(-#0(-#)2H4(-#("#2"+;#cLTF#(-$#@2("#0(#)*/-("$(*#0(-#)24-#,2"-#($#0(-#4*(';#/$*+2$-B#
# #
W&45$"*:KK*>*B69/5(&9'*0")*=-$-#1($")*[!)b\*"(*[!b5\*
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F%# Z2.'*(# LRL# )*/-("$(# 67/9+6'$2+"# 0(-# )%*%AH$*(-# 2--'-# 0(# 6%# 4+'*@(# 07C@@+$$B# F5# %'--2<# 6%#
)*+)+*$2+""%62$/#0(#4(-#)%*%AH$*(-#%9(4#6(#02%AH$*(#A+D("#0(-#.*%2"-#(-$#A2-(#("#/920("4(B#F%#Z2.'*(#LRN#
A($#("#/920("4(#6(#*%))+*$#0(-#4(-#)%*%AH$*(-#%9(4#67/4%*$#%*2$?A/$2&'(#A+D("#KI%PB#G+'*#4?%&'(#*%))+*$<#
26#-(#0/.%.(#'"(#$("0%"4(#&'%-2E4+"-$%"$(B##
# #
#
W&45$"*:K:*>*B69/5(&9'*"(*("'0-'%"*0")*=-$-#1($")*&))5)*0"*/-*%95$."*0ZL..9((*
#
W&45$"*:KA*>*B69/5(&9'*0")*$-==9$()*"'($"*/")*=-$-#1($")*&))5)*0"*/-*%95$."*0ZL..9((*"(*[!-\*
G+'*# $(*A2"(*<# 6%#Z2.'*(#LRc#)*/-("$(# 67/9+6'$2+"#0(-#)%*%AH$*(-# K3ILP#($# K3INP# 2--'-#0(# 6%# 4+'*@(#
07C@@+$$# ("# ,+"4$2+"# 0'# 02%AH$*(#A+D("# 0(-# .*%2"-B# Y6# ("# *(--+*$# &'(# 4(-# )%*%AH$*(-# -+"$# %'--2# &'%-2E
4+"-$%"$-B##
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# #
W&45$"*:KC*>*B69/5(&9'*0")*=-$-#1($")*[T!:\*"(*[T!A\*0"*/-*%95$."*0ZL..9((*
!"#4+"46'-2+"<# 6(#)+62--%.(#0(# 672"+;#cLTF#%9(4# 6(-#@%"0(-#%@*%-29(-#-$*'4$'*/(-# *($("'(-#)+'*#"+$*(#
/$'0(#./"H*(#0+"4#'"(#A24*+E./+A/$*2(#0(#-'*,%4(#20("$2&'(#%'#,%4$('*#07/4?(66(#)*H-B#F%#$%266(#0(-#.*%2"-#
(-$#6(#)*2"42)%6#)%*%AH$*(#&'2#0/,2"2$#6%#*'.+-2$/#07'"(#-'*,%4(#)+62(#)+'*#6(#4%-#07(-)H4(#/$'02/B#
H+H ;9'%/5)&9'
F(-#-'*,%4(- )+62(-#0%"-# 6(#4%0*(#0'#)6%"#07(;)/*2("4(- %D%"$#)+'*#)%*%AH$*(-#07("$*/( g# 6%#)*(--2+"#
K)P<# 6%#92$(--(#0(#0/,26(A("$#0(-#.*%2"-#KmP#($# 6(#$%';#07'-'*(#0(-#@%"0(-#%@*%-29(-#KnP#+"$#/$/#%"%6D-/(-#5#
67%20(# 07'"# *'.+-2AH$*(# cX#A'"2# 07'"(# -+"0(# 4+",+4%6(# 5# 6'A2H*(# @6%"4?(B# F7("-(A@6(# 0(-# )%*%AH$*(-#
)*+)+-/-#)%*#6%#"+*A(#Y_V#%#/$/#4+"-20/*/B#Y6#("#*(--+*$#&'(#4(-#)%*%AH$*(-#0'#)*+4(--#0(#)+62--%.(#"7+"$#
&'7'"(#,%2@6(#2",6'("4(#-'*#67("-(A@6(#0(-#4*2$H*(-#62/-#5#6%#*'.+-2$/B#U($#("-(2."(A("$#(-$#)%*$24'62H*(A("$#
%))*/42%@6(#)+'*#6(-#$(4?"242("-#0(-#@'*(%';#0(-#A/$?+0(-#($#6(-#4+A)%."+"-#("#4?%*.(#0(-#+)/*%$2+"-#0(#
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4+"02$2+"-# +)/*%$+2*(-# "+$%AA("$# 67'-'*(# 0(-# @%"0(-# %@*%-29(-B# G%*# 4+"$*(<# 6%# $%266(# 0(-# .*%2"-# (-$# 6(#
)%*%AH$*(#&'2# 2",6'(# 6(#)6'-# -'*# 6%#?%'$('*#0(-# -$*2(-#&'2# 4+A)+-("$# 6(-# -'*,%4(-#)+62(-B#C9(4#"+-#(--%2-<#
"+'-#%9+"-#A2-#("#/920("4(#&'(#67/4%*$#A+D("#%*2$?A/$2&'(#0(-#)*+,26-#KI%P#(-$#6(#)%*%AH$*(#&'2#+,,*(#'"(#
)*+)+*$2+""%62$/# 6%# )6'-# */.'62H*(# %9(4# 6(# 02%AH$*(#A+D("# 0(-# .*%2"-# %@*%-2,-B# F(# ,%4$('*# 07%-DA/$*2(# 0(#
)*+,26#KI-nP#0+""(#0(-#*/-'6$%$-#02-)%*%$(-B#Y6#"(#-(A@6(#)%-#]$*(#)+*$('*#0(#-)/42,24%$2+"-#)%*$24'62H*(-#)+'*#
6(-#-'*,%4(-#)+62(-#("#2"+;#cLTFB#^'%"$#%'#,%4$('*#07%)6%$2--(A("$#0(#)*+,26#KIn'P<#26#(-$#-D-$/A%$2&'(A("$#
-')/*2('*#5#c<# -('26# 5#)%*$2*#0'&'(6# 6(-#)24-# 4+AA(# 6(-# 4*(';# -+"$# $*H-# *(--(**/-B# F7/$'0(#0(-#)%*%AH$*(-#
2--'-#0(#6%#4+'*@(#0(#$%';#0(#6+".'('*#)+*$%"$(<#4+'*@(#07C@@+$$<#(-$#2"$/*(--%"$(#4%*#(66(#A($#("#/920("4(#
6(#,%4$('*#07/4?(66(#&'2#(;2-$(#("$*(#6(-#02,,/*("$(-#-'*,%4(-#)+62(-#%9(4#0(-#$%266(-#0(#.*%2"-#02,,/*("$(-B#G%*#
4+"$*(<#"+-#*/-'6$%$-#+"$#A2-#("#/920("4(#'"(#2"-("-2@262$/#0(-#$%';#0(# 6+".'('*#)+*$%"$(#%'--2#@2("#)+'*#
6(-#)24-#K3*LP#&'(#)+'*#6(-#4*(';#K3*NP#92-#5#92-#0(#6%#$%266(#0(-#.*%2"-#%@*%-2,-B#
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j T95&//-.&/&(D*
F(# )+62--%.(# %@*%-2,# (-$# '"# )*+4/0/# 4+'*%AA("$# '$262-/# )+'*# )*/)%*(*# 6(-# -'*,%4(-# ("# 9'(# 0(#
67%))624%$2+"# 07'"# *(9]$(A("$# 4+AA(# '"(# )(2"$'*(<# '"(# 4+66(# +'# '"# 0/)>$# /6(4$*+6D$2&'(B# F%# 4%)%42$/#
07%0?/-2+"# 0(# 4(-# *(9]$(A("$-# -'*# 6(-# -'*,%4(-# )+62(-# (-$# (--("$2(66(# )+'*# %--'*(*# '"# $*%9%26# 0(# &'%62$/B#
F7(--%2# 0(# A+'266%@262$/# (-$# '"(# 0(-# -+6'$2+"-# )+'*# 4%*%4$/*2-(*# 6(-# -'*,%4(-# %9%"$# 67%))624%$2+"# 0'#
*(9]$(A("$B#k+'-#%9+"-#0/,2"2#5#6%#-(4$2+"#NBc#0'#4?%)2$*(#c#6(-#4+"02$2+"-#0(#*/%62-%$2+"#0(#4(-#(--%2-B#G+'*#
A2(';# 4+""%[$*(# 67/9+6'$2+"# 0(# 67%".6(# 0(# 4+"$%4$# KP<# "+'-# %9+"-# /6%@+*/# '"# )6%"# 07(;)/*2("4(-# -'*# 6(-#
A]A(-#@%-(-#&'(#)+'*#67/$'0(#0'#4+(,,242("$#$%".("$2(6#0(#4+')(#($#0(#6%#*'.+-2$/B#F(#0+A%2"(#0(#67/$'0(#
(-$#)*/42-/#Z2.'*(#bc#%2"-2#&'(#6%#)+-2$2+"#0(-#02,,/*("$-#$(-$-#*/%62-/-#0%"-#4(#0+A%2"(B#
F(# a%@6(%'# cT# ,+'*"2$<# )+'*# 4?%&'(# )+2"$# (;$*]A(# 0'# 0+A%2"(# 0(# 67/$'0(<# 67%".6(# 0(# 4+"$%4$# KθP#
+@-(*9/#-'*#0(-#/4?%"$266+"-#)+62-#%9(4#'"(#@%"0(#CLRRB#U?%&'(#%".6(#$*%"-4*2$#0%"-#4(#$%@6(%'#4+**(-)+"0#
5#6%#A+D(""(#0(#$*+2-#A(-'*(-#*/%62-/(-#-'*#'"#A]A(#/4?%"$266+"B#
G%*%AH$*(-# 8"2$/# $(-$#"QL# $(-$#"QN# $(-$#"Qc# $(-$#"Qf# $(-$#"QS# $(-$#"QT# $(-$#"Qj# $(-$#"Qb#
)# LRf#G%# LR<f# M<M# M<M# LR<S# NL<T# LM<c# NR<R# NR<N#
n#
#
R<NT# R<NT# R<j# R<Tb# R<Nj# R<Nj# R<jL# R<j#
m# AO-# LR<L# Nf<S# LR<L# NT<L# LR<N# Nf<S# M<j# NS<L#
θ# 0(.*/# bT<R# Mj<L# MS<b# Mb<c# bb<S# LRL<L# MR<j# bM<S#
,-./"-5*CH*>*M-$-#1($")*0Z"'($D"*"(*0"*)9$(&"*05*=/-'*0?"7=D$&"'%")*)5$*/Z"))-&*0"*#95&//-.&/&(D*]*.-'0"*L:KK*
#
#
#
#
F(#a%@6(%'#cj#,+'*"2$#0(-#9%6('*-#-2A26%2*(-#&'%"0#6(-#/4?%"$266+"-#-+"$#)+62-#%9(4#'"(#@%"0(#CcRB#
#
G%*%AH$*(-# 8"2$/# $(-$#"QL# $(-$#"QN# $(-$#"Qc# $(-$#"Qf# $(-$#"QS# $(-$#"QT# $(-$#"Qj# $(-$#"Qb#
)# LRf#G%# M<M# LR<L# LR<j# M<c# LM<c# LM<f# NR<T# LM<M#
n#
#
R<NL# R<NL# R<j# R<TS# R<Nc# R<NN# R<jN# R<j#
m# AO-# LR<L# Nf<S# LR<L# Nf<S# LR<N# Nf<S# M<j# Nc<b#
θ# 0(.*/# jT<c# bj<T# MT<b# Mb<f# bf<N# MS<T# ML<R# bS<R#
,-./"-5*Cj*>*M-$-#1($")*0Z"'($D"*"(*0"*)9$(&"*05*=/-'*0?"7=D$&"'%")*)5$*/Z"))-&*0"*#95&//-.&/&(D*h*.-'0"*LCK*
F(#a%@6(%'#cb#,+'*"2$#0(-#9%6('*-#-2A26%2*(-#&'%"0#6(-#/4?%"$266+"-#-+"$#)+62-#%9(4#'"(#@%"0(#CTB#
G%*%AH$*(-# 8"2$/# $(-$#"QL# $(-$#"QN# $(-$#"Qc# $(-$#"Qf# $(-$#"QS# $(-$#"QT# $(-$#"Qj# $(-$#"Qb#
)# LRf#G%# LR<R# M<j# M<T# M<S# LM<M# Lb<b# LM<j# LM<S#
n#
#
R<Nc# R<NL# R<j# R<Tb# R<Nf# R<NN# R<jN# R<j#
m# AO-# LR<N# Nf<c# LR<N# NS<f# LR<R# Nf<j# LR<R# NS<c#
θ# 0(.*/# bf<T# jN<S# bS<S# jN<M# jc<M# jR<f# MR<L# bf<T#
,-./"-5*Cg*>*M-$-#1($")*0Z"'($D"*"(*0"*)9$(&"*05*=/-'*0?"7=D$&"'%")*)5$*/Z"))-&*0"*#95&//-.&/&(D*h*.-'0"*LH*
H9,;&($"*Q*7*Y)),&)W*$:)4.(,()*"(*,',.M)"*
  - 97 - 
F%#Z2.'*(#LRf#)*/-("$(#6(-#9%6('*-#A+D(""(-#)+'*#4?%&'(#$D)(#0(#)+62--%.(B#
#
#
W&45$"*:KE*>*V-/"5$)*#9G"''")*0"*/Z-'4/"*0"*%9'(-%(*[θ\*
U(#.*%)?2&'(#A($#("#/920("4(#&'(#67%".6(#0(#4+"$%4$#A+D("#KθP#0/)("0#0(#6%#$%266(#0(-#.*%2"-B#U($#%".6(#0(#
4+"$%4$#A+D("#(-$#07%'$%"$#)6'-#,%2@6(#&'(#6%#$%266(#0(-#.*%2"-#(-$#)($2$(B##
F%#Z2.'*(#LRS#)*/-("$(#67/9+6'$2+"#0(-#4+(,,242("$-#07(,,($-#($#072"$(*%4$2+"#/$%@62-#0%"-#6(#4%0*(#0(#4(#)6%"#
07(;)/*2("4(-B# U(-# 0+""/(-# -+"$# ,+'*"2(-# )+'*# 0(-# ("$*/(-# 4("$*/(-# */0'2$(-# 4+A)*2-(-# ("$*(# EL# ($# {L#
Ka%@6(%'#cMPB#X7'"(#$%266(#0(#.*%2"#5#'"(#%'$*(<#26#D#%#0(-#$("0%"4(-#&'2#-+"$#?+A+.H"(-#4+AA(#6%#)*(--2+"#
K)P#($#6(#$%';#07'-'*(#KnPB#G%*#4+"$*(<#07%'$*(-#-+"$#4+"$*%024$+2*(-#4+AA(#6(#4+')6%.(#("$*(#K)P#($#KnPB#C'--2<#
07'"#.*%0(#5#'"#%'$*(<#67/4%*$#-'*#67%".6(#0(#4+"$%4$#KθP#A+D("#"7(-$#)%-#$*H-#2A)+*$%"$#%6+*-#&'(#6(#)+20-#0(#
6%#)6')%*$#0(-#4+(,,242("$-#(-$# 6+2"#07]$*(#"/.62.(%@6(B#F(-#9%6('*-#*/-'6$%"$(-#07%".6(#0(#4+"$%4$#+@$("'(-#
%9(4# 02,,/*("$-# .*%0(-# 07%@*%-2,-# )*/-("$("$# '"(# 02-)(*-2+"# 0+"$# 26# (-$# 02,,2426(# 07(;$*%2*(# '"(# $("0%"4(#
A%*&'/(#5#)*+)+-#0(#6%#A+'266%@262$/B#
#
A+D(""(# )# n# 9# )n# )9# n9# )n9#
CLRR# Mc<S# ER<ST# R<LS# c<bM# EN<MN# ER<RS# Ec<fL# ER<bM#
CcR bM<S# ER<cb# c<cc# N<ff# Ef<bR# ER<bM# Ec<jc# EL<Lj#
CT# jM<L# R<Rb# f<SR# Ef<RL# c<jN# N<NL# ER<Rc# ER<Nj#
,-./"-5*CI*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*05*=/-'*0?"7=D$&"'%")*=9$(-'(*)5$*/Z"))-&*0"*#95&//-.&/&(D*
#
W&45$"*:K@*>*;9"33&%&"'()*0Z"33"(*"(*0Z&'("$-%(&9'*=95$*/Z-'4/"*0"*%9'(-%(*[θ\*
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g ;9'%/5)&9'*
F7+@=(4$2,#0(#4(#4?%)2$*(#/$%2$#0(#9%620(*#6(#A+0H6(#-'*#6%#4+"-+AA%$2+"#A%$2H*(#($#0(#4%*%4$/*2-(*#6(-#
(,,+*$-#2"0'2$-#)%*#6(#)*+4(--'-#0(#)+62--%.(#%2"-2#&'(#6%#*'.+-2$/#($#6%#A+'266%@262$/#0(-#-'*,%4(-#)+62(-B#3%2-#
%9%"$# 4(6%<# 6%# 0/4+'9(*$(# 0'# )?/"+AH"(# 0(# @('**%.(# %'# 4+'*-# 0(-# )*(A2(*-# (--%2-# "+'-# %# %A("/-# 5#
4+A)*("0*(# -+"#+*2.2"(<# 5#)*+)+-(*#'"#)*+$+4+6(#)+'*#0/$(*A2"(*# 6%#)*(--2+"#A2"2A%6(#07%@*%-2+"#)+'*#
)+62*#0(-#$>6(-#2"+;#cLTF#%9(4#0(-#@%"0(-#%@*%-29(-#-$*'4$'*/(-B#F(-#%'$*(-#@+*"(-#0'#0+A%2"(#0(#67/$'0(#
-+"$# 2--'(-# 0(-# )+--2@262$/-# +,,(*$(-# )%*# 6%# )+"4('-(# 2"0'-$*2(66(# A+"$/(# -'*# "+$*(# @%"4# 07(--%2-<# 6%#
)+--2@262$/#0720("$2,2(*#4+**(4$(A("$#6%#./+A/$*2(#0(-#%@*%-2,-#($#6(#4+A)+*$(A("$#./"/*%6#0'#)*+4(--'-#0(#
)+62--%.(B#
F(-#(--%2-#+"$#/$/#+*.%"2-/-#-'29%"$#'"(#6+.2&'(#)*+)*(#%';#)6%"-#07(;)/*2("4(-#,%4$+*2(6-#4+A)6($-B#Y6-#
+"$#)(*A2-#0(#9%620(*#'"(#6+2#0(#4+"-+AA%$2+"#A%$2H*(#-)/42,2&'(#2--'(#0'#A+0H6(#0(#G*(-$+"B#F(-#(,,+*$-#
2"0'2$-#)%*#6(#)*+4(--'-#0(#)+62--%.(#+"$#/$/#4%*%4$/*2-/-#("#$(*A(-#0(#02*(4$2+"<#0(#-("-#($#072"$("-2$/B#Y6#%#
/$/#A2-#("#%9%"$#&'(#67(,,+*$#0(#4+')(#%))%*$("%"$#%'#)6%"#0(#6%#-'*,%4(#)+62(#/$%2$#)*+)+*$2+""(6#5#67(,,+*$#
)*(--('*# )+'*# '"(# @%"0(# %@*%-29(# 0+""/(B# F(# 4+(,,242("$# $%".("$2(6# 0(# 4+')(# %2"-2# 20("$2,2/# 0/)("0#
)*2"42)%6(A("$#0(#6%#$%266(#0(-#.*%2"-#%@*%-2,-B#
F%# *'.+-2$/#0(-#02,,/*("$-#/4?%"$266+"-#)+62-#%#/$/# *(6(9/(#5# 67%20(#07'"# *'.+-2AH$*(#cX#/&'2)/#07'"(#
-+"0(#4+",+4%6(#5#6'A2H*(#@6%"4?(B#F7("-(A@6(#0(-#)%*%AH$*(-#2"$*+0'2$-#)%*#6%#"+*A(#Y_V#%#/$/#4+"-20/*/B#
Y6# ("# *(--+*$# &'(# 6%# $%266(# 0(-# .*%2"-# (-$# 6(# )%*%AH$*(# 2",6'("$# -'*# 6%# *'.+-2$/B# G%*# 4+"$*(<# 6(-# )%*%AH$*(-#
+)/*%$+2*(-#&'(#-+"$#6%#)*(--2+"#K)P<#6%#92$(--(#0(#0/,26(A("$#KmP#($#6(#$%';#07'-'*(#0(-#@%"0(-#%@*%-29(-#KnP<#
"7+"$#&'7'"(# ,%2@6(# 2"420("4(#-'*# 6(# */-'6$%$#+@$("'#&'(6#&'(#-+2$# 6(#)%*%AH$*(#/$'02/B#C'--2<#"+'-#%9+"-#
A2-#("#/920("4(#&'(#67/4%*$#A+D("#%*2$?A/$2&'(#0(-#)*+,26-#KI%P#(-$#)*+)+*$2+""(6#%'#02%AH$*(#A+D("#0(-#
.*%2"-#%@*%-2,-B#X(#A]A(<#6(#,%4$('*#0(#s'*$+-2-#&'2#4%*%4$/*2-(#6(#-+AA($#0(-#-$*2(-<#(-$#-D-$/A%$2&'(A("$#
-')/*2('*# 5# c# &'(66(-# &'(# -+2("$# 6(-# 4+"02$2+"-# +)/*%$+2*(-B# !",2"<# 6(-# )%*%AH$*(-# 2--'-# 0(# 6%# 4+'*@(#
07C@@+$$#/9+6'("$#0(#A%"2H*(#-2A26%2*(#07'"(#$%266(#0(#.*%2"-#5#67%'$*(B#8"#,%4$('*#07/4?(66(#-7%))62&'(#-'*#
6(-#)%*%AH$*(-#&'2#4%*%4$/*2-("$#6%#?%'$('*#0(-#)24-#($#0(-#4*(';#&'2#4+"-$2$'("$#6(-#-'*,%4(-#)+62(-B#^'%"$#5#
6%#)*+)+*$2+"#0(-#4*(';#($#0(-#)24-<#(66(#-7%9H*(#4+"-$%"$(#&'(6#&'(#-+2$#6(#)%*%AH$*(#4+"-20/*/#D#4+A)*2-#6(#
02%AH$*(#A+D("#0(-#.*%2"-B#
k+'-#%9+"-#4?(*4?/#5#A($$*(#("#%9%"$# 6(-#)%*%AH$*(-#&'2# 4%*%4$/*2-("$# 6%#A+'266%@262$/#0(-# -'*,%4(-#
)+62(-# %'# $*%9(*-# 0(# 67%".6(# 0(# 4+"$%4$# ,+*A/# )%*# '"(# .+'$$(# 07(%'# 02-$266/(# %9(4# 6%# -'*,%4(# /$'02/(B# F(-#
*/-'6$%$-# +@$("'-# "(# )(*A($$("$# )%-# 0(# 02-$2".'(*# 07("-(2."(A("$-# -'*# 672",6'("4(# 0(-# )%*%AH$*(-#
4+"-20/*/-#92-#5#92-#0(#6%#-'*,%4(#)+62(#0%"-#"+$*(#/$'0(B#
HA'%.4)&A'*"(*;"$);"%(&_")*
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 Conclusion et perspectives 
: QG'(<1)"*05*#D#9&$"*
:2("#&'(#67'-2"%.(#)%*#%@*%-2+"#-+2$#'"#)*+4/0/#4+'*%AA("$#'$262-/#0%"-#672"0'-$*2(<#-%#A2-(#("#l'9*(#
*(-$(#(--("$2(66(A("$#'"(#+)/*%$2+"#A%"'(66(#(A)2*2&'(B#U(6%#%#)+'*#4+"-/&'("4(#07%'.A("$(*#6(#)*2;#0(#
*(92("$#0(-#)2H4(-<#072"$*+0'2*(#0(-#02-)%*2$/-#0(#&'%62$/#($#07]$*(#6%#4%'-(#0(#)+--2@6(-#$*+'@6(-#A'-4'6+E
-&'(6($$2&'(-#Ka3_PB#F(#)*2"42)%6#%*.'A("$#)+'*#6(#A%2"$2("#07'"(#A%2"#07l'9*(#?%'$(A("$#&'%62,2/(#$2("$#
5#6%#4%)%42$/#0'#4+A)%."+"#5#%='-$(*#("#$(A)-#*/(6#-+"#%4$2+"#0(#A%"2H*(#5#%$$(2"0*(#6(#"29(%'#0(#&'%62$/#
-+'?%2$/B#C'--2<#%'#,26#0'#$(A)-<# 6(-# ,%@*24%"$-#07+'$26-#%@*%-2,-#+"$#)*/,/*/#%))+*$(*#'"#%44+A)%."(A("$#
0%"-# 67'-%.(#0(# 6('*-#)*+0'2$-#)6'$>$#&'(#0(# ,+'*"2*#'"(#0+4'A("$%$2+"# -',,2-%"$(#5# 6%#A2-(#("#)6%4(#0(#
-/&'("4(-#07'-2"%.(#)%*#%@*%-2+"B#C'=+'*07?'2<#6%#0/A%*4?(#6%#)6'-#-'292(#(-$#0(#*()*+0'2*(#4(#&'2#A%*4?(#
@2("<#0(#.62--(*#)%*#(A)2*2-A(#9(*-#07%'$*(-#-+6'$2+"-#($#0(#4+A)$(*#-'*# 6(-#4+A)/$("4(-#0'#4+A)%."+"#
)+'*# *(-)(4$(*# 6(# 4%?2(*# 0(-# 4?%*.(-# ($# 62A2$(*# 6(# $(A)-# 4+"-%4*/# %'# )+62--%.(B# G+'*# %66(*# 0(# 67%9%"$<#
67%'$+A%$2-%$2+"#0(-#+)/*%$2+"-#07'-2"%.(#)%*#%@*%-2+"#(-$#4(*$%2"(A("$#6%#9+2(#5#-'29*(B#!66(#-'))+-(#'"(#
A(266('*(# 4+""%2--%"4(# 0'# )*+4/0/# ($# '"(# 4%)%42$/# 5# 0/,2"2*# 6(-# 4+"02$2+"-# +)/*%$+2*(-# +)$2A%6(-# ($# 5#
)*/02*(#6(#*/-'6$%$#-'*#6(-#)2H4(-#'-2"/(-#%2"-2#&'(#6(#4+A)+*$(A("$#0(-#+'$26-#'$262-/-B#
F(#A/A+2*(#)*+)+-/#(-$#'"(#4+"$*2@'$2+"#%D%"$#)+'*#+@=(4$2,#0720("$2,2(*#6%#9+2(#5#-'29*(#)+'*#,+'*"2*#
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 Annexe A : PROTOCOLE DE CARACTÉRISATION DE 
LA GEOMETRIE DES PYRAMIDES ABRASIVES 
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